A magnetic inductive method for investigating the magnetic properties of ferromagnetic substances over a broad range of temperatures under pressure in diamond-anvil cells is described. The proposed method exploits the fact that ferromagnetic substances change their dynamic magnetic susceptibility during magnetization by a constant external magnetic field up to the point of saturation. With increasing magnetic field, however, the magnetic properties of components of the high-pressure cell are essentially invariant. Therefore, the signal from the sample can be distinguished from that of the background caused asymmetries in the inductance system and the disposition of metal parts in the diamond-anvil cell. Measurements on CdCr 2 Se 4 and iron demonstrate the feasibility of the method.
I. INTRODUCTION
The diamond-anvil cell has allowed numerous investigations of the behavior of materials under pressure into the megabar range ͑Ͼ100 GPa͒. 1 General measurements of magnetic properties of materials under pressure, however, have received comparatively little attention. In contrast, lowpressure magnetic inductive methods, which are based on observations of changes of magnetic susceptibility of substances, have been used to investigate phenomena such as superconductivity. 2, 3 Application of additional modulation from a variable magnetic field has enhanced the sensitivity of these methods, a result that has dramatically improved their utility for high-pressure studies. 4 The improved technique, for example, has allowed the first magnetic studies of superconductivity at megabar pressures, including the discovery of superconductivity in metallic sulfur. 5 The inductance method has not yet found wide application in studies of ferromagnetic substances under pressure ͑e.g., in diamond-anvil cells͒, although there have been a few attempts to use similar techniques ͑without the additional modulation͒. [6] [7] [8] This limitation has arisen from the fact that signals from both the sample and background are comparable in magnitude and change simultaneously with temperature and load applied to the cell, a problem that considerably reduces the reliability of the interpretation of the measurements. Another approach to this problem has involved the use of a vibrating coil technique. 9 We describe the application of magnetic inductive methods to the study of ferromagnetic materials under pressure in diamond-anvil cells. The determination of the signal from a ferromagnetic sample relies on the fact that the ferromagnetic substances change their dynamic magnetic susceptibility during magnetization up to saturation in a constant external magnetic field. The dynamic magnetic susceptibility of the sample tends to zero during this process, but the magnetic properties of the metal parts of the high pressure chamber, which determine the level of the background and its temperature dependence, are little affected in magnetic fields of such magnitude.
II. HIGH-PRESSURE MAGNETIC INDUCTIVE TECHNIQUE
A block diagram of the experiment is shown in Fig. 1 . A system of signal, compensating, and exciting inductance coils is located in the vicinity of the sample. The exciting coil, fed from the generator ( f ϭ10 kHz), creates an alternating magnetic field. This alternating magnetic field excites electromotive forces in both the signal and compensating coils. These coils are included in the electrical circuit in such a manner that their electromotive forces act in opposite directions and nearly compensate each other. The difference between the two electromotive forces determines the background signal whose magnitude depends on several factors. The most significant are ͑1͒ differences in geometric parameters of the signal and compensating coils and their unavoidable asymmetric disposition inside the exciting coil, and ͑2͒ the proximity to the system of coils metal parts of the highpressure chamber, which distort the uniform distribution of magnetic flux passing through signal and compensating coils due to geometric asymmetry and electrical conductivity.
The ferromagnetic sample is placed between the diamond anvils in the hole of a metal gasket, located almost at the center of the signal coil. This placement causes an increase in mutual induction between the signal and exciting coils, thus increasing the magnetic flux passing through the signal coil; this provides an additional decompensation of the electromotive forces of the coil system and a change in output signal. The total output signal of the coils system, how-ever, consists of the background and signal due to the ferromagnetic sample and it is impossible to separate them by the usual methods.
To discriminate between the two signals, it is possible to change the temperature of the cell containing the sample, which would allow observation of the change in total output signal that in turn is related to changes in the magnetic properties of the sample. Such a procedure can give a positive result, however, only when the signal arising from the sample exceeds the level of the background, 7 because during a temperature change, the background part of the output signal also varies owing to alterations in the electrical conductivity of the metal parts of the high-pressure chamber as well as modifications in the geometric dimensions of cell components due to thermal expansion. In general, these geometrical changes can be comparable and can sometimes exceed changes in the signal arising from the magnetic properties of the sample, as the latter are proportional to its volume and decrease significantly with decreasing linear dimensions of the sample. Such a situation is shown as the baseline curve in Fig. 2 , which corresponds to measurements carried out on a sample of CdCr 2 Se 4 , which is ferromagnetic at temperatures below 130 K. The baseline curve, which shows the temperature dependence of the total output signal, reveals features from 80 to 150 K, but these do not show any direct correspondence to changes in magnetic properties of the sample during its transition from a ferromagnetic to paramagnetic state at 130 K.
It is possible to observe variations in the output signal at different pressures in the cell and to relate them to changes in magnetic properties of the sample. With increasing pressure in the cell, however, the mutual geometric disposition of the metal parts of the device will change, and the metal gasket will deform under the stress of the diamond anvils. As a result, the background signal will inevitably change as well and will obscure features of the output signal arising from changes in the magnetic properties of the sample. Such a situation is described in Ref. 6 for measurements on Fe-Ni alloys under pressure obtained with a similar inductive method.
III. NEW METHOD FOR EXTRACTING SAMPLE SIGNAL
We offer an alternative method that permits extraction of the signal component arising from ferromagnetic sample from the total output signal. The proposed method is based on the crucial characteristic that ferromagnetic materials change their dynamic magnetic susceptibility during magnetization by a constant external magnetic field. Figure 3 shows the dependence of the magnetic moment of a ferromagnetic sample on the magnitude of the magnetic field. In an increasing magnetic field, the magnetic moment of the sample cannot increase indefinitely but instead approaches the saturation moment. The high-frequency modulating coil ͑Fig. 1͒ creates an alternating magnetic field of H i Ϯ⌬H/2 ͑Fig. 3͒, which in turn produces a change in the magnetic moment of the sample of M i Ϯ⌬M /2. Figure 3 shows that the dynamic magnetic susceptibility ϭ⌬M i /⌬H i depends on the magnitude of the constant magnetic field (H i ) magnetizing the sample; the susceptibility decreases during magnetization of the sample up to the point of saturation as ⌬M I decreases.
The procedure of extraction of the signal component connected with the ferromagnetic sample is as follows. The level of the total output signal of the coil system is reduced with help of a compensating block ͑Fig. 1͒; the signal is then amplified by a lock-in amplifier and stored in a computer for subsequent processing. At any moment during the constant magnetic field created by coil ͑4͒ from the direct current source is switched on, the sample is magnetized up to satu- ration; its dynamic magnetic susceptibility then decreases essentially to zero. The mutual induction of the signal and exciting coils decreases, causing a decrease in magnetic flux passing through the signal coil and electromotive forces excited in it, with a concomitant change in the output signal. After switching off the magnetic field, the signal returns essentially to its initial magnitude. Thus, during switching the magnetic field on and off, the peak of the output signal is recorded; this signal determines whether or not the sample is in a ferromagnetic state. Figure 4 illustrates the results of carrying out such a procedure on a sample of iron at room conditions in a diamond-anvil cell. The control experiment carried out without a sample ͑Fig. 4, inset͒ shows the absence of a changing output signal under the magnetic field of the same magnitude. One can observe the peak of the output signal arising from switching the magnetic field ͑magnitude of 600 Oe͒ on and off.
IV. TESTS OF THE METHOD
The method was tested at atmospheric pressure in the temperature range of 80-150 K on samples of CdCr 2 Se 4 , which is ferromagnetic and has a Curie temperature of 130 K, and on a sample of iron under pressure to 11 GPa at room temperature. In the first case, a single-crystal sample of CdCr 2 Se 4 with linear dimensions of about 100 m was placed in the hole of a metal gasket ͑nonmagnetic Cr-Ni alloy described in Ref. 10͒ sandwiched between diamond anvils ͑no pressure applied to the sample͒. The anvils were mounted in a piston-cylinder diamond anvil cell, manufactured from Be-Cu alloy.
11 Diamond seats were made from the nonmagnetic Cr-Ni alloy 10 hardened to 55 HRC. On increasing temperature from 80 to 150 K in the high-pressure cell, the 600 Oe magnetic field was switched on and off at 2 K increments. The baseline represented in Fig. 2 corresponds to the variation in the total output signal with temperature. As mentioned above, it is very difficult to relate any changes in the output signal to the transition in the sample from ferromagnetic to paramagnetic state ͑i.e., at 130 K͒. At the same time, the series of peaks produced by the periodic switching in the magnetic field disappears at temperatures above the Curie temperature of 130 K. The transition is clearly observed in the temperature dependence of the amplitude of the peaks ͑Fig. 2, inset͒. The sharp magnification of the peak amplitudes at about 130 K arises from the increase in magnetic susceptibility near the Curie temperature characteristic of ferromagnetic phenomena. 12 In the second case, a polycrystalline sample of iron with linear dimensions about 50 m was subjected to the high pressure at room temperature in a diamond-anvil cell. Again a 600 Oe field was used; although this may not be sufficient to produce saturation, the field is large enough to see the effect on the magnetic susceptibility. As shown in Fig. 5 , the amplitudes of the peaks remain essentially unchanged with increasing pressure up to 11 GPa ͑the maximum reached in this study͒, indicating that iron retains its ferromagnetic properties in this phase ͑␣-Fe, which has the bcc structure͒. This is consistent with high-pressure Mössbauer and phase equilibrium experiments. 
